The main structural component of the mucus in the gastrointestinal tract is the MUC2 mucin. It forms large networks that in colon build the loose outer mucous layer that provides the habitat for the commensal flora and the inner mucous layer that protects the epithelial cells by being impenetrable to bacteria. The epithelial cells in mice lacking MUC2 are not adequately protected from bacteria, resulting in inflammation and the development of colon cancer as found in human ulcerative colitis. Correct processing of the MUC2 mucin is the basis for the building of these protective networks. During the biosynthesis of the MUC2 mucin, post-translational modifications are formed resulting in reduction-insensitive bonds between MUC2 monomers. By the use of ␥-glutamyltranspeptidase and isopeptidase activity in leech saliva, we could show that the molecular nature of these reduction-insensitive bonds is isopeptide bonds formed between side chains of lysine and glutamine. Transglutaminase 2 has an affinity to the MUC2 CysD2 domain in the nanomolar range and can catalyze its cross-linking. By using mass spectrometry, we identified MUC2 residues involved in this cross-linking. This shows for the first time that transamidation is not only stabilizing the skin and the fibrin clot, but is also important for the correct intracellular processing of MUC2 to generate protective mucus.
The main structural component of the mucus in the gastrointestinal tract is the MUC2 mucin. It forms large networks that in colon build the loose outer mucous layer that provides the habitat for the commensal flora and the inner mucous layer that protects the epithelial cells by being impenetrable to bacteria. The epithelial cells in mice lacking MUC2 are not adequately protected from bacteria, resulting in inflammation and the development of colon cancer as found in human ulcerative colitis. Correct processing of the MUC2 mucin is the basis for the building of these protective networks. During the biosynthesis of the MUC2 mucin, post-translational modifications are formed resulting in reduction-insensitive bonds between MUC2 monomers. By the use of ␥-glutamyltranspeptidase and isopeptidase activity in leech saliva, we could show that the molecular nature of these reduction-insensitive bonds is isopeptide bonds formed between side chains of lysine and glutamine. Transglutaminase 2 has an affinity to the MUC2 CysD2 domain in the nanomolar range and can catalyze its cross-linking. By using mass spectrometry, we identified MUC2 residues involved in this cross-linking. This shows for the first time that transamidation is not only stabilizing the skin and the fibrin clot, but is also important for the correct intracellular processing of MUC2 to generate protective mucus.
Protection of epithelial cells from the environment in the intestinal tract is maintained by the mucus, a gelatinous protein network. The MUC2 mucin is the major constituent of the twolayered mucous structure in the colon with a stratified inner layer that is attached to the epithelium and is impenetrable to bacteria, whereas the outer layer provides the habitat for the commensal flora (1, 2) . The MUC2 monomer is made up of more than 5,000 amino acids with three complete domains and one partial von Willebrand domain (vWD) 2 at the N terminus followed by the first CysD domain, two regions with a high amount of proline, threonine, and serine the so-called PTS domains that are separated by the second CysD domain, and the C-terminal part harbors the fourth vWD, a vWC, and a cysteine knot domain ( Fig. 1a) (3) . The primarily translation product forms C-terminal dimers via disulfide bonds in the endoplasmic reticulum (4) . During their transport in the Golgi apparatus, the MUC2 dimers become heavily O-glycosylated thereby shifting their mass to Ϸ5 MDa. In the trans-Golginetwork MUC2 is sorted in the regulatory pathway and experiences disulfide bond-based trimerization of the dimers in their vWD3 domain (5) . In the later stages of the secretory pathway, around or after this trimerization, reduction-insensitive bonds are formed (6) . At that time MUC2 becomes insoluble in regular buffers, including SDS-containing ones when the biosynthesis was studied in LS174T cells (6) . The more mature and secreted MUC2 mucin from the intestine is also insoluble in chaotropic salts (like guanidinium chloride) what was first discovered by Carlstedt and co-workers (7, 8) . Ever since the first description of these non-reducible bonds, their nature and localization have remained a mystery.
Transglutaminases (EC 2.3.2.13) are a family of structurally and functionally related proteins that catalyze Ca 2ϩ -dependent post-translational modification of proteins by introducing covalent bonds between the ␥-carboxamide group of glutamine and the ⑀-amino group of protein-bound lysine (9) . The human transglutaminase family consists of nine members. Although their primary sequence differs, with the exception of the inactive erythrocyte band 4.2, all share the same catalytic triad of Cys, His, and Asp enabling the enzymes to transamidate or deamidate proteins. Transglutaminases are pleiotropic enzymes. Besides their cross-linking activity, they can also act as GTPases and protein-disulfide isomerases (10, 11) . Their different enzymatic activities allow these proteins to influence a number of cellular events like adhesion and autophagy (10, 12, 13) . Among the members of the transglutaminase family, TGM2 represents the most widely distributed isoform. Its localization is predominantly in the cytosol, but it is also present at the plasma membrane. In addition, TGM2 is also found extracellularly where it can be activated by mechanical injury or inflammatory stimuli (14) . Furthermore, highly sulfated glycosaminoglycans augment cross-linking activity of transglutaminases (15) .
To shed light into the nature of the reduction-insensitive oligomers, we utilized different biochemical approaches to cleave and generate reduction-insensitive bonds and analyzed different domains/parts of the MUC2 mucin for the localization of these bonds. Furthermore, we were able to decipher some of the amino acid residues that are involved in the formation of these reduction-insensitive cross-links via mass spectrometric analyses.
Experimental Procedures
Expression and Purification of the MUC2 Mucin-Human LS174T cells were grown in Iscove's modified Dulbecco's medium (Gibco, Paisley, Renfrewshire, Scotland, UK) containing 10% (v/v) fetal calf serum and 1% (v/v) supplement (110 mg/liter sodium pyruvate, 36 mg/liter L-asparagine, 116 mg/liter L-arginine, 290 mg/liter L-glutamine, and 10 mg/liter folic acid) in roller bottles (1/min, 37°C, 5% CO 2 ) until confluent and harvested after additional growth for 10 days with daily medium change. Cells were resuspended in 50 ml of guanidinium chloride (6 M guanidinium hydrochloride, 10 mM sodium phosphate, 5 mM N-ethylmaleimide, 5 mM EDTA, 0.5 mM PMSF, pH 6.5) and homogenized by 5 strokes in a Dounce homogenizer. Lysis was completed by gentle stirring of the suspension for 12 h at 4°C. Insoluble mucins were precipitated by centrifugation at 20,000 ϫ g for 30 min followed by four washings of the pellet by centrifugation in the same guanidinium chloride buffer (7) . The pellet containing the insoluble mucin was brought into solution by reduction in a buffer containing 6 M guanidinium chloride, 100 mM Tris, 5 mM EDTA, 10 mM freshly added dithiothreitol, pH 8.0, under gentle stirring for 5 h at 37°C. The reduced cysteinyl groups were alkylated by the addition of 25 mM iodoacetamide under gentle stirring in the dark for 12 h at room temperature. Finally, the samples were dialyzed against water.
Expression and Purification of Recombinant MUC2N, CysD2, and MUC2C-Expression of the different recombinant MUC2 domains in permanently expressing CHO-Lec3 cells was performed by the Mammalian Protein Expression Core Facility (University of Gothenburg), and purification was performed as described (4, 5, 16) .
Saponification-MUC2 (15 g) was mixed with KOH leading to end concentrations of 25, 50, 75, and 100 mM and incubated for 5 h at room temperature. Reaction products were analyzed by composite Ag-PAGE (17) .
Cleavage of the Non-reducible Bond by ␥-Glutamyltranspeptidase and Saliva of Hirudo medicinalis-␥-Glutamyltranspeptidase (1.6 -4 units, Sigma) was added to 15 g of MUC2 from the insoluble fraction in a buffer containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 2 mM Gly-Gly (Sigma). The reaction was incubated for 12 h at 37°C. Reaction products were analyzed by composite agarose-PAGE and visualized via Alcian blue staining. Saliva from H. medicinalis was collected according to the method of Friedrich et al. (18) . Briefly, 2 days before the collection of saliva, the leeches were stimulated with a solution containing 20 mM sodium phosphate, pH 7.4, 150 mM NaCl, and 10 mM L-Arg. After 48 h, leeches were incubated in the same solution with 1% (w/v) pilocarbine for 1 h at room temperature. The solution with the secreted saliva was dialyzed against water and lyophilized. The crude extract showed an activity of 2.6 nmol/min/mg as determined by the cleavage of ␥-glutamyl-p-nitroanilide. One unit of isopeptidase activity was defined as the enzymatic activity producing 1 mol of p-nitroaniline from ␥-glutamyl-p-nitroanilide per min at room temperature. MUC2 (15 g) from the MUC2 insoluble fraction was incubated in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl containing 5 milliunits of isopeptidase and cOmplete TM protease inhibitor mixture (Roche Applied Science) for 12-16 h at 37°C. Reaction products were analyzed by composite agarose-PAGE and visualized with Alcian blue.
Composite Agarose-PAGE, SDS-PAGE, and Western Blot Analyses-Composite agarose-polyacrylamide (AgPAGE) gels were prepared according to the method of Schulz et al. (19) . Purified MUC2 from LS174T cells was mixed with 2-fold concentrated loading buffer (100 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 200 mM DTT, 20% (v/v) glycerol) and heated for 5 min at 95°C before separation via AgPAGE for 3.5 h at 30 mA and 6°C and stained with Alcian blue or by zinc imidazole (20) .
Separated proteins from SDS-PAGE were transferred onto PVDF membranes (Immobilin-PSQ, 0.2 m; Millipore) with 0.9 mA/cm 2 for 1.5 h using a transfer buffer containing 48 mM Tris, 38 mM glycine, 1.3 mM SDS, and 20% (v/v) methanol. The membrane was blocked in 5% (w/v) nonfat milk in TBS containing 0.1% (v/v) Tween 20 (TBS-T) and 0.05% NaN 3 or 3% (w/v) BSA in TBS-T for the biotin-containing molecules for 1 h at room temperature. Membranes were incubated with an antibody against a Myc tag (Ab 9106; Abcam, Cambridge, UK). After five washing steps in TBS-T, the respective secondary antibody (␣-rabbit-IgG, 1:1,000, Southern Biotech, Solna, Sweden) coupled to alkaline phosphatase was incubated for 1 h at room temperature, rinsed five times in TBS-T, and visualized with the nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate substrate (Promega). Biotin incorporation in MUC2 domains after cross-linking was visualized by streptavidin-coupled alkaline phosphatase (1:1,000, Southern Biotech) after blocking of the membrane in 3% (w/v) BSA in TBS-T.
Analysis of MUC2 Depolymerization by Measuring Turbidity-Insoluble MUC2 (ϳ90 g) from LS174 T cells was incubated in the presence and absence of 2 units of TGM2 (Zedira, Darmstadt, Germany) or together with the transglutaminase inhibitor Z-DON (Zedira) in 50 mM Tris, 10 mM CaCl 2 , pH 5.5 or pH 8.0, respectively (total volume 150 l), for 12 h at 37°C. The same experimental setup was used for incubation with 1.6 units of ␥-glutamyltranspeptidase in a buffer containing 50 mM Tris-Cl, pH 8.0, 150 mM NaCl, and 2 mM Gly-Gly. The reactions were stopped by heating for 5 min at 95°C and then centrifuged for 10 min at 10,000 ϫ g, and the supernatants (100 l) were transferred to a microcuvette, and the A 600 was determined.
Cross-linking of MUC2 Domains/Parts and Western Blot Analyses-Aliquots (500 ng) of recombinant MUC2 N and C termini and the CysD2 domain were incubated either in the presence of 0.15 mol N-(biotinyl)-cadaverine (Zedira) or 0.15 mol of biotinyl-Thr-Val-Gln-Gln-Glu-OH (Zedira) in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl 2 with or without 2 units of TGM2 (Zedira) for 30 min at 37°C. Negative controls were performed by adding the TGM2 inhibitor Z-DON (Zedira) to a final concentration of 20 M and without adding the enzyme. The reactions were stopped by 2-fold concentrated loading buffer and heating at 95°C for 5 min. The samples were electrophoresed on 4 -12% SDS-polyacrylamide gels. For time course analyses, the CysD2 domain was incubated with TGM2 at 37°C, and sample aliquots were taken after different time periods. The reactions were terminated by adding SDS-PAGE loading buffer and heating for 5 min to 95°C. For mass spectrometry (MS) analyses of CysD2 homo-oligomers, reaction products were reduced for 30 min at 60°C in the presence of 10 mM DTT and alkylated at room temperature by the addition of 25 mM iodoacetamide.
Microscale Thermophoresis-Interaction experiments were carried out on a Monolith NT115.1 Microscale Thermophoresis instrument (Nanotemper, Munich, Germany) equipped with a blue-green fluorescent reader using 50% LED and 60% IR power. Interaction partners were prepared in 50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.05% Tween 20 with decreasing concentrations of the non-fluorescent-labeled interaction partner. A dilution series ranging from 3.2 M to 1.6 nM of TGM2 was prepared, and fluorescently labeled CysD2 was added at a final concentration of 110 nM. Microscale Thermophoresis instrument traces were followed for 30 s after heat induction, and the ratio difference was plotted against the concentration of the titrated interaction partner.
In-gel/In-solution Digestion and Mass Spectrometric Analyses of Cross-linked Peptides-Protein bands of interest were cut into ϳ1-mm 3 gel pieces. Zinc imidazole-stained gel pieces were first washed in 50 mM Tris, pH 8.1, 200 mM glycine, 30% (v/v) acetonitrile followed by three washing steps in 50 mM Tris, pH 8.1. Gel pieces were dried in a vacuum centrifuge (Techtum, Umeå, Sweden) and digested by chymotrypsin (1:60) (Promega) in 25 mM Tris, pH 8.0, 10 mM CaCl 2 for 12 h at 25°C. Peptides were extracted by 50% (v/v) acetonitrile, 2% trifluoroacetic acid (TFA) for 30 min under constant shaking (800 rpm) followed by a second extraction step in 50% (v/v) acetonitrile, 0.1% TFA. The extracts were combined, dried to completeness, and resolubilized in 0.2% TFA. Salts and buffer were removed by in-house stage tips with C18 resin (C18 Empore, 3 M, Minneapolis, MN) and the samples resolved in 0.2% formic acid (21) . For in-solution digest of cross-linked CysD, chymotrypsin (1:60) was added to the buffer as described above, and after 12 h of incubation at 25°C, 1 mM PMSF was added followed by the addition of AspN (1:50, Promega) and incubation for 12 h at 37°C. Peptides were separated on nanoRP-HPLC coupled to an ESI source on a Q-Exactive mass spectrometer (Thermo) with a gradient of 5-60% B (solvent A, 0.2% formic acid; solvent B, 0.2% formic acid, 80% (v/v) acetonitrile) (22) . Cross-linked products were identified using the StavroX software tool (version 3.5.1) (23) . MS data files were searched for cross-linked peptides using the following settings: mass tolerance of the precursor ion of 2 ppm; tolerance for fragment ions 20 ppm; cleavage C terminus of Trp; Tyr, Phe, and Leu for chymotrypsin as cleaving enzyme; cleavage N terminus of Asp and cleavage C terminus of Trp; Tyr, Phe, and Leu for combined chymotrypsin/AspN proteolysis (for the analysis of CysD oligomers) up to two missed cleavages were allowed; carbamidomethylation of Cys as fixed modification; oxidized methionine as variable modification; ammonia loss for cross-linked products. Fragmentation spectra of putative candidates were further analyzed manually.
Statistical Analysis-Statistical analyses were performed using Student's t test for pairwise comparison analysis. Significance was accepted when p values were below 0.05. Data are expressed as means Ϯ S.D.
Results
Determination of the Molecular Nature of the Reduction-insensitive Bonds in MUC2-One of the possibilities for the reduction-insensitive bonds that could cross-link MUC2 monomers are ester bonds. MUC2 can undergo an autocatalytic cleavage at the GD2PH sequence in its fourth vWD domain thereby forming a new C terminus with an aspartate internal anhydride that easily could react with the numerous glycan hydroxyl groups (arrow in Fig. 1a ) (24) . To test this hypothesis, we treated the MUC2-insoluble fraction with different concentrations of KOH that cleave ester bonds. However, even after 5 h of incubation with 100 mM KOH, we could not detect any loss of the MUC2 dimer (X-D) or oligomer (X-O, Fig. 1b ). This indicates that ester bonds are not involved in the formation of MUC2 oligomers.
Other possibilities for the linkage of the MUC2 monomers are regular amide bonds between the N and the C termini of MUC2 monomers or isopeptide linkages between the side chains of Lys and with Asn, Gln, Asp, or Glu where the pair Lys-Gln is the most common. To test this, we took advantage of ␥-glutamyltranspeptidase (␥-GT; EC 2.3.2.2) that can cleave the isopeptide bond between the ␥-glutamyl group of glutamate and the amine group of cysteine in the tripeptide glutathione (25) . We treated reduced insoluble MUC2 with ␥-GT, and indeed the oligomeric forms (X-D and X-O) of the MUC2 mucin disappeared, and only the monomeric form (M) remained (Fig. 1c ). The saliva of the medicinal leech H. medicinalis contains isopeptidase activity as shown by its ability to cleave the isopeptide bonds between the A and B polypeptide of cross-linked fibrin (18, 26) . We incubated reduced insoluble MUC2 mucin with the saliva from the leech in the presence of protease inhibitors. Also, this treatment led to loss of the MUC2 oligomers (Fig. 1c ). The results from the ␥-GT and H. medicinalis saliva experiments suggest that MUC2 monomers are linked together via isopeptide bonds.
As non-reduced MUC2 polymers are insoluble and easily precipitable by centrifugation, we analyzed the influence ␥-GT on this feature. After incubation with ␥-GT at pH 8.0, we observed a trend toward increased turbidity of the supernatant after centrifugation at 10,000 ϫ g, which would indicate that more MUC2 became soluble due to the cleavage of isopeptide bonds ( Fig. 1d ) Another way to analyze this was to utilize the isopeptidase activity described for transglutaminases at acidic pH (27, 28) . Therefore, purified MUC2 was incubated with TGM2 at pH 5.5 and 8.0, and the turbidity of the supernatant was determined as for the treatment with ␥-GT. A significant increase of the turbidity was observed when MUC2 was incubated with TGM2 at pH 5.5 compared with the control conditions ( Fig. 1e ). This result further suggests a disruption of the MUC2 gel based on the isopeptidase activity of TGM2.
MUC2 CysD Domain Can Be Part of Isopeptide Bonds-As the cleavage experiments suggested isopeptide bonds, we wondered whether such cross-links could be formed between recombinantly expressed MUC2 parts via transglutaminasecatalyzed reactions. Therefore, recombinant proteins containing the N terminus (MUC2N), the C terminus (MUC2C), or the CysD2 domain of MUC2 ( Fig. 1a) were incubated with biotinylated acyl or amine donors and transglutaminase 2 (TGM2). When the MUC2 parts were used as acyl donors in the presence of the biotinylated peptide TVQQEL (B-TVQQEL) and analyzed by PAGE followed by Western blotting, several biotin bands were detected ( Fig. 2a ). When the reaction was performed in presence of the transglutaminase inhibitor Z-DON and in the absence of TGM2, no bands were detected. Most of the bands observed with either MUC2N or MUC2C were also present in the control reaction where TGM2 was only incubated with B-TVQQEL suggesting that TGM2 was conjugated with the biotinylated peptide. Therefore, specific signals reflecting TGM2-catalyzed biotin incorporation into MUC2N or MUC2C in the mass range of 250 kDa (MUC2N) and 220 kDa (MUC2C) could not be detected. However, in the CysDcontaining reaction, a signal in the mass range of 20 kDa corresponding to the size of CysD was observed ( Fig. 2a ). This band corresponds to the size of the CysD2 domain and suggests that the CysD2 domain of MUC2 can act as an acyl donor in TGM2catalyzed reactions. To test whether the MUC2 mucin parts could also act as acyl acceptors in transglutaminase-catalyzed cross-linking reactions, the different MUC2 parts were incubated with biotinylated cadaverine (5-BP). Also in this case, the CysD became biotinylated as a band corresponding to CysD was detected ( Fig. 2b) . A few bands, in addition to the control without the MUC2 parts, were observed in the reactions containing MUC2N and MUC2C and were weaker than the CysD band. The results so far suggest that the CysD2 domain can serve both as acyl acceptor and acyl donor in TGM2-based cross-linking reactions suggesting that this domain can form cross-linked homo-oligomers.
To test this, we incubated purified Myc-tagged CysD2 with TGM2 for different time periods and analyzed the reaction products by SDS-PAGE and Western blot using an anti-Myc antibody. Signals corresponding to CysD2 dimers (CysD2 ϫ 2, ϳ40 kDa) and tetramers (CysD2 ϫ 4, ϳ80 kDa) were observed after 5-10 min, which increased over time (Fig. 2c ). Furthermore, heterodimers of CysD and TGM2 were observed after 120 min as well as higher multimers in the wells of the respec- the UniProt database). b, reduced and alkylated purified MUC2 from LS174T cells was treated with KOH for 5 h, separated by AgPAGE, and stained with Alcian blue. No cleavage of the reduction-insensitive oligomers was observed. c, reduced and alkylated purified MUC2 from LS174T cells was treated with ␥-GT (1.6 units) or with for saliva from H. medicinalis saliva treated with protease inhibitors for 12 h followed by analysis with AgPAGE and staining with Alcian blue. The smaller size of the treated sample is due to the remaining protease or glycosidase activities. d, purified MUC2 from LS174T cells was incubated with ␥-GT for 12 h at 37°C, heated to 95°C, centrifuged at 10,000 ϫ g for 10 min, and the A 600 of the supernatant was measured. The graph summarizes the results from three independent experiments. n.s., not significant. e, purified MUC2 from LS174T cells was incubated in the presence and absence of TGM2 at pH 5.5 and 8.0 as well as with TGM2 and the transglutaminase-inhibitor Z-DON for 12 h at 37°C and analyzed as described in d. **, p Ͻ 0.01. tive gel lanes. Thus, the CysD2 domain can form TGM2-catalyzed oligomeric complexes with itself.
Affinity of TGM2 to MUC2 CysD2-The fast reaction of TGM2 with CysD2 could suggest direct binding. The binding affinity of TGM2 to different parts of the MUC2 mucin was studied by thermophoresis. For this, three independent serial dilutions of unlabeled TGM2 (1.6 nM to 3.2 M) were incubated with fluorescently labeled CysD and analyzed in triplicate. TGM2 bound to CysD2 with a K D of 113 Ϯ 24 nM (Fig. 3a) . No interaction between TGM2 and either the MUC2N or the MUC2C parts could be detected as shown for MUC2C (Fig. 3b) . These experiments indicate a direct interaction between CysD2 and TGM2 and are in line with the formation of covalent CysD2-homo-oligomers and CysD2-TGM2 dimers (Fig. 2c) .
Mass Spectrometric Identification of Isopeptide Bonds in CysD2-As the CysD2 domain formed oligomers by itself, at least one of the four Gln and one of the four Lys in the CysD2 sequence must be involved in the formation of isopeptide bonds (Fig. 1a) . To determine the localization of the residues involved, recombinant CysD2 was incubated with TGM2 and subsequently digested with the proteases chymotrypsin and Asp-N followed by LC-MS analysis. When the obtained results were analyzed with the StavroX software, two cross-links could be detected. One was found between Gln-1838 and Lys-1851 (Fig. 4a ). The MS2 mass spectra showed a characteristic b-ion series, including parts of the ␣-peptide and the full ␤-peptide at m/z 831, 932, and 1031. The second cross-link was observed between Gln-1835 and Lys-1851 (Fig. 4b) . The mass spectra show a characteristic [a3␤] 2ϩ peak at m/z 871. The Lys at Lys-1851 can thus be used as an acyl donor in both CysD cross-links. As two different Glns in CysD2 can be utilized as acyl acceptors, it is possible to form higher CysD oligomers than dimers. This is in line with the observed tetramers in Fig. 2c , and a possible CysD2 tetramer is explained in Fig. 4c . Gln-1835 and Gln-1838 are localized close to each other, and it is possible that the use of one could interfere with the other.
Mass Spectrometric Determination of Isopeptide Cross-links in the Full-length MUC2 Mucin-To analyze localization of the isopeptide-based cross-links in the full-length MUC2 mucin, the purified insoluble intracellular MUC2 from LS174T cells was reduced, alkylated, and separated by AgPAGE (Fig. 5a ). The three bands were cut out and analyzed by mass spectrometry for the presence of isopeptide bonds after in-gel digestion with chymotrypsin. Table 1 summarizes the observed crosslinked peptides in the MUC2 mucin, and the corresponding peptide spectra are collected in Fig. 5 , b--h. In total seven different cross-links were observed. However, only one of the isopeptide-based cross-links was exclusively found in the dimeric band (X-D) representing the MUC2 dimer formed between Gln-470 and Lys-1796 ( Fig. 5b ). All other cross-linked peptides were also found in at least two of the replicates of the monomer. This might be due to the limited resolving power of AgPAGE and smearing of the multimeric bands. However, these linkages are most likely intramolecular of the monomer, but we cannot exclude that also the so-called monomeric form represents an already cross-linked dimer because it is not possible to calculate the correct molecular mass of the monomer due to lack of protein markers and the poor separation capacity of these gels. The same acyl donor Lys-160 was found linked to two different acceptors at Gln-4500 and Gln-472 ( Fig. 5, f and h) . The pair Gln-4694 and Lys-4697 formed an intramolecular bond within a monomer as they localized to the same peptide (Fig. 5c ). This suggests that also other isopeptide bonds are found within one and the same molecule, for example the monomer. Together the mass spectrometric study showed that several Gln and Lys residues could be involved in the intracellular formation of isopeptide bonds, some of which are forming oligomers.
Intracellular MUC2 Can Be Further Processed by the Transamidating Activity of TGM2-The LS174T cells only secrete minor amounts of mucus, and the purified MUC2 from the cells thus represents the intracellular stored protein in their mucin granulae. We were interested whether the MUC2 mucin can be further processed by transglutaminases after secretion to form a more cross-linked and stabilized network. We treated reduced and purified intracellular MUC2 from LS174T cells with TGM2 with or without Z-DON inhibitor for 12 h. The reaction products were reduced and analyzed by composite AgPAGE (Fig. 6) . The TGM2-treated MUC2 revealed an additional band (X-OX) migrating slower than the X-D and X-O MUC2 oligomers. When the reaction was blocked by the addition of Z-DON or no enzyme was added, this reaction product was not observed. Furthermore, the monomeric and oligomeric isoforms of MUC2 also migrated slower. Analysis of the isolated X-OX band by mass spectrometry after trypsinization confirmed that this diffuse band represented MUC2 ( Table 2) . As the X-OX multimer as well as the smaller oligomers migrated slower than non-treated MUC2 indicates that additional isopeptide-based cross-links can be introduced to the already cross-linked intracellular MUC2. Therefore, MUC2 is a putative substrate for further covalent cross-linking by TGM2 after the MUC2 mucin has been expanded after secretion from the goblet cell.
Discussion
Since the first description of the reduction-insensitive bond that cross-linked the MUC2 mucin polypeptide chains, the nature of this has remained a mystery. We can now show that the inter-polypeptide cross-links of MUC2 are caused by transglutaminase-formed isopeptide bonds. These linkages occur between the side chains of Gln and Lys catalyzed by transglutaminases. The primary alternative was crosslinking via the reactive internal Asp anhydride formed by cleavage at the sequence GD2PH in the vWD4 domain of MUC2 (24) . The possibility that this anhydride forms ester bonds with hydroxyl groups was ruled out by the negative saponification experiments, but the possibility that the anhydride reacts with a primary amine remains still open. However, further experiments also ruled out this possibility. Cleavage with ␥-GT depolymerized the MUC2 oligomers as did treatment with leech saliva. Saliva from H. medicinalis contains isopeptidase activity enabling hydrolysis of ␥-glutamyl-p-anilide (data not shown).
It was not only the oligomeric nature of MUC2 that was affected, but depolymerization also affected its insolubility. The MUC2 mucin polymer becomes insoluble in ordinary buffers during its passage through the later secretory pathway (6) . Further storage in the goblet cell granulae renders MUC2 also insoluble in urea and guanidinium chloride (7, 8) . Treatment of the non-reduced insoluble MUC2 with ␥-GT partly increased the supernatant's turbidity after centrifugation reflecting less precipitated MUC2 and a partial disruption of the MUC2 insoluble gel. Because transglutaminases also have isopeptidase activity, which is favored at acidic pH (27, 28) , we also tested whether incubation at alkaline or acidic pH influences the breakdown of the MUC2 gel network. Indeed, we observed a significant disintegration of the MUC2-insoluble gel by treatment with TGM2 under acidic conditions as evaluated by turbidity measurement of the supernatant. Incubation with TGM2 under alkaline conditions or incubation in the presence of the TGase inhibitor Z-DON did not disrupt the gel network (Fig. 1e ). This result further indicates that isopeptide bonds are not only forming the cross-links, but also the insolubility of MUC2. Because the intracellular MUC2 is first insoluble in normal buffers and after prolonged cell culture also in chaotropic salts suggests that the longer the mucin is stored in the goblet cell granulae, the more cross-links are formed and the mucus becomes less soluble. This could have biological implications for mucus quality and properties.
The most well studied example of isopeptide cross-linking is the blood coagulation cascade where thrombin-activated factor XIII catalyzes the formation of ␥-␥ dimers between two fibrin peptides to stabilize the fibrin clot (10) . The presence of isopeptide bonds in the MUC2 mucin is in striking a Acyl donor and acceptor sites are given as well as their appearance in the different replicates of the MUC2 monomer (M), dimer (X-D), and oligomer (X-O). analogy to human skin where transamidation is important for stabilizing the multilayered cornified outer skin surface built by dead cells (29) . This is very important for protecting us from outer environmental damage. TGM1, -3, and -5 are found in the skin and are responsible for the interprotein cross-linking of different proteins to form the cornified envelope, whereas the TGM2 isoform is only found in keratinocytes under certain conditions like vitamin A treatment (30, 31) . Loss-of-function mutations in TGM1 give the common disease ichthyosis, where the cornified skin is easily lost (32) . Because transamidation is that important for stabilizing the outer skin surface and increases the protective capacity of skin, it is logical that a similar mechanism has been used to stabilize the intestinal mucus. The intestine secretes both the TGM2 and TGM3 transglutaminases as shown by studies of the mucous proteome (33) . The TGM1 can also be membrane-associated by lipid anchors (34) . The TGM2 enzyme is predominant in the small intestine, whereas the TGM3 dominates in the large intestine. Furthermore, patients with active ulcerative colitis show a reduced expression of TGM1 and a significantly lower transglutaminase activity in their plasma (35) .
The isopeptide bonds of MUC2 can be cleaved by ␥-GT, which is of special interest because this enzyme is found and is active at the brush-border membrane of the small intestine with its activity directed toward the extracellular lumen (36, 37) . ␥-GT shows a weak expression in colon, something that might be another potential reason for the difference between small and large intestinal mucous properties (38) .
Transglutaminases lack signal sequences and are cytoplasmic proteins. However, they are also found extracellularly and as indirectly suggested here also in the secretory pathway compartments. The mechanism for their translocation from the cytoplasm is not known, but a recent observation suggested that the P2X7 receptor can translocate TGM2 (39) . Although this receptor is not present in the intestine, a family of related P2 receptors is expressed there.
The fastest migrating mucin band of the reduced insoluble MUC2 has been suggested to be the monomeric form (6, 8, 40) . Treatment with H. medicinalis saliva in the presence of protease inhibitors caused this band to move even faster. Because the isopeptidase from leech saliva contains also glycosidase activity (41) , the small MUC2 monomer could be due to the remaining protease or glycosidase activities. This raises the question whether the fastest moving band is really the monomeric form or a higher oligomer. The studies of cross-links present in MUC2 by mass spectrometry revealed one confident intramolecular isopeptide bond as it was local-ized within one peptide. Therefore, it is not unlikely that some of the other isopeptide bonds could be intramolecular. Such intramolecular isopeptide bonds can affect the migration, and it is not possible to definitely determine whether the monomeric band is actually monomeric or of oligomeric nature.
TGM2 was able to bind the CysD2 domain with a relatively high affinity (K D ϭ 113 nM) and utilizes CysD2 as both an acyl donor and acyl acceptor. Mass spectrometric analyses specifically identified Lys-1851 as acyl donor and Gln-1835 or Gln-1838 as acyl acceptors. These reactions were TGM2dependent and preventable with the enzyme inhibitor Z-DON. The recombinant MUC2 N-and C-terminal parts did not show any TGM2 binding or specific reaction products with the used cross-linking partners. In addition, also self-multimerization of TGM2 and incorporation of acyl acceptor molecules could be observed as recently observed (42) . These reactions led to biotinylated TGM2 multimers of around 250 kDa and were therefore not distinguishable from cross-linked MUC2N or MUC2C products. These results suggest that the CysD2 domains have the possibility to form isopeptide cross-links between its Gln and Lys residues and by this also larger oligomers. Indeed, when this MUC2 domain was incubated with TGM2, isopeptide-based homoand heterodimers were formed already after 5 min. These were further transformed into higher oligomeric structures after prolonged incubation periods. Mass spectrometric analyses confirmed that the putative oligomers indeed consisted of reduction-insensitive cross-linked CysD2 (data not shown). The results suggest that CysD2 domains could be especially important for the localization of the inter-polypeptide cross-links. The MUC2 CysD1 domain also contains the ICKNE sequence and could also act as an acyl donor. However, when intracellular MUC2 from LS174T cells was analyzed for isopeptide bonds, none of the inter-CysD crosslinks could be detected. Only one of the cross-linked peptides contained a CysD fragment, i.e. the Lys-1796 linked to Gln-470 of the N-terminal vWD2 assembly. This was also the only linkage that was exclusively found in the MUC2 dimer (X-D). The other six were also found in the MUC2 monomeric band suggesting that these are intramolecular monomeric cross-links as for the Lys-4697-Gln-4694 bond. This isopeptide bond seems to be specific for the monomer because it has been found in all monomeric replicates and only in one replicate of the dimeric forms. If the five crosslinks detected in the MUC2 monomer are really intramolecular or due to the limited resolution of composite AgPAGE cannot be finally answered. The reduction-insensitive bonds appear during the later stages of the secretory pathway and probably in the fully glycosylated protein (6) .
We have previously presented a model for the MUC2 mucin packing in the goblet cell granulae that is mediated by Ca 2ϩ and low pH (43) . Upon release, the MUC2 polymers were predicted to flip open and form flat and extended netlike structures. This model does not take into account the type of cross-links discovered here. As these were found in material from the stored granulae of the LS174T cells, this suggests a more complex expansion upon secretion. Such cross-links, except the intramolecular one (Gln-4694 -Lys-4697) and between amino acids close together (Gln-4735-Lys-4697 and Gln-472-Lys-160), should interfere with the unfolding. Of course, cross-links at longer distances should alter the MUC2 polymeric structure.
Here, we have only studied cross-linking that happens intracellularly. To address whether further extracellular cross-linking can take place, we also analyzed whether the intracellular MUC2 from LS174T cells can be further cross-linked by TGM2. As this resulted in even larger multimers, it is likely that MUC2 can be further processed extracellularly, but also that additional isopeptide bonds can be introduced in the different MUC2 isoforms as these migrated slower after treatment with TGM2. However, one has to take into account that the purified MUC2 was not in its native state because it has to be reduced during the purification procedure to become soluble. Together, this suggests that further isopeptide-based cross-links could be possible in vivo to generate a mucous network with pores that are small enough to keep bacteria away from the epithelial surface. The importance of further stabilization of an expanded MUC2 network is easily understood as this should enforce the intermolecular interactions of the laminated and size discriminating inner colon mucous layer (2, 43) . The CysD domains are of special interest for such interactions as we have previously shown that the CysD2 domain can form dimers (16) . If such CysD dimers were further enforced extracellularly by transamidation once the MUC2 polymeric network has expanded, the network should become more stable. Such interactions are suggested in Fig. 7 by sketching the isopeptide bonds, which define the reduction-insensitive MUC2 dimer. Such TGM-catalyzed cross-links should help to decrease the pore size. According to the model by Ambort (43) , pore sizes of ϳ2.6 m 2 are theoretically predicted after the secretion, a size too large to exclude bacteria as observed for the inner mucous layer. Shifting the CysD from different sheets and with different acyl donor/acceptor pairs would form dislocated MUC2 hexagon rings and decrease the pore sizes ( Fig. 7) . This model can explain why the inner mucous layer is devoid of bacteria (2) . Further studies of MUC2 have to be performed in secreted mucus to shed more light on how transamidation will enforce the mucus of the intestine.
It is now shown that isopeptide bonds are the molecular basis behind the formation of the reduction-insensitive MUC2 oligomers and most likely its insolubility in chaotropic salts. The intestinal milieu is harsh and needs further enforcement of the mucin and mucous stability. Therefore, it should not come as a surprise and reflects that the mucus is sometimes named the inner skin. These findings will open new potential therapeutic strategies for enforcing the mucous system of the colon and for novel treatments of inflammatory bowel diseases such as ulcerative colitis.
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